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Abstract 
In geologic carbon sequestration, caprock fractures may act as leakage pathways, threatening the long term sealing ability of the 
formation. A flow-through experiment was performed to investigate fracture evolution of a fractured carbonate caprock during 
simulated leakage of CO2-acidified brine. The initial brine composition represented that of a CO2-saturated brine having 
previously reacted with the injection formation minerals resulting in a starting pH of 4.9. Experimental temperature and pressure 
conditions were 40°C and 10 MPa, corresponding to injection at a depth of 1 km. A combination of X-ray computed tomography 
and scanning electron microscopy was used to observe fracture evolution and investigate the mineralogical changes that occurred 
along the fracture wall. After one week of brine flow, the cross-sectional fracture area increased by an average of 2.7 times that 
of the initial fracture. The fracture surface was not eroded uniformly, with the largest areas of aperture growth corresponding to 
direct contact between the acidified brine and calcite. This preferential dissolution of calcite led to a large increase in fracture 
surface roughness and in some instances, created a silicate mineral-rich microporous coating along the fracture wall. Results from 
this study suggest that the clay content of low permeability carbonate formations may be an important factor in controlling their 
long term integrity while in contact with acidified brine and should be considered when selecting appropriate injection sites for 
geologic CO2 sequestration. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Injection of carbon dioxide into deep saline formations will lead to acidification of resident brines. This 
acidification has the potential to enhance water-rock interactions such as dissolution and precipitation of carbonate 
minerals. As a result, the integrity of the caprock may be altered by the acidified brine, thereby affecting the 
potential for leakage of the injected CO2 to the surface. The increased pressure gradient between the injection and 
caprock formations caused by CO2 injection may induce upward leakage through preexisting caprock fractures. 
Even after injection has ceased, these fractures may continue to act as leakage pathways. Therefore, accurate 
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prediction of the geochemical reactions controlling the evolution of these fractures is a 
necessary inclusion in the study of long term caprock seal integrity. 
Study of fracture evolution in low permeability carbonate formations that will 
act as caprocks for geologic carbon sequestration has yet to be reported in the literature. 
This paper presents results from a seven day flow-through experiment of CO2-acidified 
brine through a fractured carbonate caprock. The evolution of fracture aperture and 
fracture wall roughness was examined via two types of X-ray computed tomography 
(CT), as well as with scanning electron microscopy (SEM). The brine composition was 
selected to represent the case of a brine that has had time to react with the injection 
formation minerals under CO2-saturated conditions prior to contact with the fracture. 
Temperature and pressure conditions were 40°C and 10 MPa, corresponding to a depth of 
1 km. Under these conditions and at equilibrium with CO2, the initial brine has a pH of 
4.9. This scenario is meant to represent the front of the plume where the brine is saturated 
with CO2 leading to acid-driven mineral dissolution.  
2. Methods 
2.1 Sample characterization and initial brine composition 
The sample used in this study is from the Amherstburg formation in the 
Michigan Basin. This formation is a fine-grained fossiliferous limestone that serves as the 
caprock for a demonstration CO2 injection project taking place in northern Michigan. The 
bottom of the Amherstburg formation occurs at approximately 1 km. The sample was 
artificially fractured prior to the experiment. The fracture was induced under low normal 
stress with a knife edge perpendicular to the XY plane of the core (see figure 1). Prior to 
fracturing, the core was stabilized by coating the exterior in epoxy. This technique was 
successful in producing a fracture that propagated the length of the core and was 
perpendicular to the horizontal axis (XY plane). After the core was fractured another coat 
of epoxy was applied to the core exterior, leaving only the ends exposed, 
to ensure the integrity of the epoxy coating and prevent lateral flow 
along the outer boundary during brine flow. 
Analysis of the caprock mineralogy prior to the experiment 
revealed that the rock was composed primarily of calcite and dolomite, 
in roughly equal proportions. Together, these minerals comprised >90% 
of the bulk sample, with the remaining rock containing a mixture of 
quartz, K-feldspar, clay minerals, and pyrite. This approximation of 
mineral composition is based on a combination of X-ray diffraction and 
a coupled back-scattered electron/energy dispersive spectroscopy 
(BSE/EDS) analysis. The samples were examined at the Image Analysis 
Center at Princeton University using a Bruker X-ray diffractometer and 
a Quanta environmental scanning electron microscope. The combined 
BSE/EDS image analysis was similar to that described by Peters [1]. 
The experimental brine composition, shown in table 1, was selected to represent CO2-saturated brine that 
had already reacted with the injection formation mineralogy. The target injection formation at the demonstration site 
is the Bass Islands dolostone, which is predominately composed of dolomite with <10% other minerals including, in 
descending order of importance, anhydrite, calcite, quartz, K-feldspar, and clay minerals.  
The brine composition was determined via geochemical modeling in PHREEQC [2] in which a 1 M NaCl 
brine was brought to near equilibrium with the minerals calcite, dolomite, and anhydrite. These minerals were 
selected because in addition to being the predominant minerals, their reaction rates are several orders of magnitude 
faster than the other silicate minerals present in the rock. At equilibrium with CO2 at a pressure of 10 MPa the pH of 
Table 1 – Brine composition 
Species [mol L-1] 
Na+ 1.0 x 100
Cl- 1.0 x 100
Ca2+ 3.5 x 10-2
Mg2+ 1.8 x 10-2
SO42- 1.1 x 10-2
CO2(aq) 9.8 x 10-1
pH 4.9 
Figure 1: Schematic of 
fractured core with core 
dimensions and location 
of sections used for 
BSE/EDS analysis. 
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the initial brine is predicted to be 4.9. CO2
solubility is estimated to be 0.98 mol L-1 following 
the work of Duan et al. [3]. The Pitzer model was 
used to estimate ion activity coefficients in the 
geochemical model [4]. 
2.2 Flow-through experiment 
A simplified depiction of the design of the 
flow-through experiment is shown in figure 2. The 
fractured sample was placed in a triaxial carbon-
fiber core holder and encased in a rubber jacket. A 
confining pressure of 14 MPa was applied to the 
exterior of the rubber jacket to prevent lateral flow 
along the core exterior.  
To initialize the system, two separate 
ISCO syringe pumps delivered CO2 and brine to a 
mixing vessel where they were allowed to 
equilibrate prior to flow through the core. The 
mixing vessel was maintained at 40°C by a heating jacket. CO2 was used initially to bring the mixing vessel up to a 
pressure of 10 MPa. The resulting CO2 saturation was checked by measuring the pH of the brine relative to the 
predicted equilibrium pH of 4.9.  
After equilibration, the CO2 valve was closed and the brine pump was used to push the CO2-saturated brine 
through the core at a constant rate of 10 cm3 hr-1. The system pressure was controlled by a back pressure regulator 
located near the outlet. The experimental temperature and pressure conditions were 40°C and 10 MPa. 
 2.3 Post-experiment analysis  
X-ray computed tomography was used in two ways to perform non-destructive imaging of the fractured 
core before, during, and after the brine flow experiment. X-ray attenuation at beam energies greater than 100 keV 
corresponds to material density producing a characteristic CT number that can be segmented to identify void space 
in the sample.  
The flow-through experiment was conducted within a Universal Systems HD-350E medical-grade CT 
scanner. This allowed for real-time scans to be taken without disturbing the experiment or stopping flow and also 
ensured that the sample orientation was consistent for all scans. Scans were taken daily with a beam energy of 140 
keV for the duration of the experiment providing information on fracture evolution. The medical scanner produces a 
series of 2-D slices with a voxel resolution of 250 m. The thickness of each slice is 2 mm. This leads to data being 
averaged over the 2 mm depth of a single slice causing some blurring along areas where the fracture aperture 
changes slightly with depth. It also means that a fracture aperture of less than 250 m will not be positively identified 
as a void space, but instead will be visible only due to a reduction in the CT number in the voxel that captures the 
fracture.  
The core was also imaged prior to and after completion of the experiment with an Xradia MicroXCT-400 
scanner. The core was scanned dry and under ambient temperature and pressure conditions. The micro-CT scanner 
does not scan the core in slices like the medical scanner, but instead performs a series of monochromatic X-ray 
projections through a 180° rotation and uses cone beam reconstruction. The large size of the core required that the 
sample be imaged in three sections of approximately 27 mm in length, allowing for some overlap between 
consecutive scans. The sample was scanned with an X-ray beam energy of 150 keV at rotational increments of 
0.03°. The choice of selected optics provided a 3-D reconstructed image with a voxel resolution of 27 m, 
representing an order of magnitude improvement in resolution when compared to that achieved by the medical 
scanner.  
          Figure 2: Experimental design 
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After the experiment was finished and the core was scanned, the core was dried and flooded with epoxy to 
allow for sectioning and further analysis with an SEM. Section 1 was taken approximately 15 mm from the inlet end 
(see Figure 1). Section 2 was taken approximately 8 mm from the outlet end. Section 1 was then cut in the vertical 
(Z) direction toward the inlet end to bisect the fracture perpendicular to its propagation in the XY plane. The 
sections were then polished and analyzed using the combined BSE/EDS image analysis technique previously 
described to identify the minerals adjacent to the fracture.  
3. Results 
Results from both the medical and micro-CT scans show evidence of mineral dissolution leading to an 
increase in fracture aperture. Figure 3 shows two series of scans taken with the medical scanner on days 2 and 6 of 
the experiment. Even with the lower resolution of the medical CT images, growth in fracture aperture is obvious 
when comparing the two sets of scans.  
The increase in cross-sectional area of the fracture is 
clear when comparing the before and after micro-CT images. 
Figure 4 shows the overlain images of the fracture before 
(shown in white) and after brine flow. These images were 
taken near sections 1 and 2 (see figure 1). The increase in 
total fracture area seen in figure 4(B2) is 6.3 times larger than 
the initial fracture. This includes the partially dissolved rock 
along the fracture wall, which is discussed below. Although 
not shown in this paper, a similar analysis was performed 
with seven other axial cross-sections of the core taken with 
the micro-CT scanner. The average increase in total cross-
sectional fracture area of the eight scans was 2.7 times that of 
the initial fracture. The 1/3 of the core near the inlet end 
experienced a lower average increase in fracture area than the 
1/3 of the core near the outlet end. On average, the increase 
in total fracture area along the top 1/3 of the core was 1.9 
times that of the initial fracture.  
Figure 5 shows a sub-region of figure 4(B2) where 
the fracture aperture increased from 100 m to 2 mm, 
representing a 20-fold increase in aperture. The bifurcation of 
the initial fracture likely contributed to the significant amount 
of dissolution experienced at this location by increasing the 
total surface area in contact with the acidic brine. Closer 
examination of the micro-CT scans show evidence that the 
fracture wall was eroding in a non-uniform manner. This is 
seen in the scans as a slightly blurred region adjacent to the 
fracture void space. This partially degraded zone is evident in 
all the micro-CT images, but is focused upon in figure 5 and 
is on the order of 300-400 m in thickness. This microporous 
zone comprises just over 5% of the cross-sectional fracture 
area of figure 4(B2). It appears to be of a fairly uniform 
thickness, suggesting that it may have been a limiting factor controlling the continued dissolution of the fracture 
surface. Most importantly, the development of the fully eroded and partially degraded zones represents a large 
increase in fracture surface roughness.  
Through the combined use of BSE and EDS analysis it was determined that calcite dissolved to a much 
greater extent than the other minerals present in the sample. The non-uniform degradation along the fracture wall is 
a result of the mineral spatial heterogeneity of the rock. Figure 6 shows that the largest increases in fracture aperture 
occurred at points where calcite grains were in direct contact with the CO2-acidified brine. The smallest increases in  
Figure 3: Series of 2-D medical CT scans; (A) after 2 
days of brine flow, (B) after 6 days of brine flow. 
The scans are consecutive slices starting at the top 
left (core inlet) moving from left to right with the 
core outlet shown in the bottom right-hand corner. 
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Figure 4: A series of micro-CT scans taken before and after completion of the experiment. 4A is in the XZ plane near section 1 
and 4B is in the XY plane near section 2. (A1,B1) show the core beforehand and (A2,B2) show the core after completion of the 
experiment. Figures (A3,B3) show the original fracture, in white, overlying the enlarged fracture shown in (A2,B2).  
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uniform thickness, in many locations it was comprised of a discontinuous mixture of dolomite and silicate minerals. 
Looking at figure 7(A), it can be seen that the discontinuity of the matrix in the degraded zone allowed for continued 
calcite dissolution. This finding might help explain the large increase in fracture aperture that occurred during the 
one week flow-through experiment of this study. 
5. Conclusion 
This study presents experimental results of the evolution of a fracture in a carbonate caprock submitted to 
CO2-acidified brine flow. Over a seven-day period, the fracture increased in aperture due primarily to calcite 
dissolution. This mineral dissolution resulted in an average increase in total cross-sectional fracture area 2.7 times 
that of the original fracture. Due to the varied mineralogy of the sample and the fact that calcite was preferentially 
dissolved, patchy zones of fully eroded and partially degraded regions were observed along the fracture wall surface. 
The result was a fracture with surface roughness. The partially degraded zones were comprised of a mixture of clay 
minerals, quartz, K-feldspar, pyrite and dolomite. The combined use of micro-CT scanning and scanning electron 
microscopy proved to be useful in following the fracture evolution and understanding changes in fracture surface 
mineralogy. 
Two factors contributed to the extensive fracture opening observed in this experiment. The carbonate 
caprock used contained only a small amount of non-carbonate minerals and was therefore, quite susceptible to acid-
driven dissolution. Also, the fracture was artificially induced which guaranteed fresh mineral surfaces along the 
fracture wall. If the fracture had contained weathered mineral surfaces (e.g. clay coating) then less dissolution may 
have occurred due to the lowered contact between the CO2-acidified brine and reactive mineral surfaces. If the 
caprock had a higher silicate mineral content a more continuous clay coating may have developed along the fracture 
wall, possibly impeding continued dissolution of calcite. This suggests that the clay content of low permeability 
carbonate formations may be an important factor in controlling their long term integrity while in contact with 
acidified brine and should be considered when selecting appropriate injection sites for geologic CO2 sequestration. 
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